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1.  INTRODUCTION 


This  is  the  Final  Technical  Report  for  the  ten-year-long  Office  of  Naval  Research 
Contract  Number  N00()14-77-C-0354  to  the  University  of  North  Carolina  at  Chapel  Hill. 
Dr.  John  M.  Bane,  Jr.,  Professor  in  the  Marine  Sciences  Program,  was  Principal 
Investigator  for  the  entire  contract  period,  which  began  on  1  April  1977  and 

terminated  mi  31  March  1987.  Total  award  for  this  period  was  $1,039,448.40.  The 

internal  account  number  at  the  University  of  North  Carolina  began  as 
1 -0- 1  10-3262- SD033  and  was  changed  to  become  5-0-110-3262-35706  about  mid-way 
through  the  contract  period. 

This  contract  sup|)ortcd  research  on  the  physical  oceanography  of  the  Culf  Stream, 
which  included  several  sub-projects  (each  referred  to  herein  as  a  project).  Each 
pioject  will  be  discussed  individually  below.  Data  and  scientific  results  from  the  first 
three  projects  have  been  documented  in  data  reports,  analyzed  in  graduate  student 

theses,  reported  at  national  and  international  meetings,  and/or  published  in  refereed 
scientific  journals.  A  list  of  these  is  given  for  each  individual  project.  Results  from 
the  final  project  supported  by  this  contract  arc  discussed  in  detail,  since  they  have 
not  been  completely  documented  in  reports  and  publications  yet,  althougli  some 

presentations  at  meetings  have  been  made. 

Projects  A  and  B  were  conducted  in  collaboration  with  Professor  David  A.  Brooks  of  the 
Department  of  Oceanography,  Texas  A  and  M  University.  Additional  funding  from  the 
National  Science  Foundation's  Physical  Oceanography  Program  supported  this 
participation.  Project  D  was  conducted  in  collaboration  with  Profesor  D.  Randolph 
Watts,  Graduate  School  of  Oceanography,  University  of  Rhode  Island.  He  was 
supported  by  the  Physical  Oceanography  Programs  of  the  National  Science 
I'oundation  and  the  Office  of  Naval  Research. 


2.  RESEARCH  PR(),IECTS 

A.  A  Theoref  ical  Study  of  Topographic  Rossby  Waves  Trapped  over  Hie 
Continental  Slojte  in  the  Gulf  Stream  (Work  began  1  April  1977) 


Several  theoretical  models  of  subinertial  waves  propagating  in  the  Gulf  Stream  were 
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developed  during  tliis  project.  The  baroiropic  model  studied  by  Brooks  (1978,  1979) 

indicated  that  southward  propagating  continental  shelf  waves  (CSW's)  may  he 
res|)onsible  for  the  subtidal  sea  level  oscillations  recorded  at  coastal  stations  along  the 
North  Carolina  coast.  The  more  general,  baroclinic  (two-layer)  model  developed  by 
Bane  (1980)  revealed  a  number  of  trapped-wave  modes  that  may  progress  along  ibe 

continental  margin,  and  suggested  that  quasi-geostrophic  edge  waves  (QGBW's)  and 
complementary  mode  edge  waves  (CMEW's)  are  also  candidate  mechanisms  for  causing 
the  coastal  water  Huciuations.  A  new  frontal-trapped  wave  (FTW)  was  revealed  in  this 
model,  and  is  characteri/.ed  by  a  band  of  large-amplitude  current  fluctuations  along 
the  cyclonic  side  of  the  Gulf  Stream  and  non-dispersivc  propagation.  These 
|5ioperties  are  similar  to  those  of  the  large-amplitude  meanders  of  the  Stream 
measured  during  the  observational  portion  of  the  next  project  (section  B  below), 

although  phase  speeds  differ.  The  continuously  stratified  baroclinic  model 
constructed  by  Luther  and  Bane  (1980)  aLso  supports  FTW's,  as  well  as  one  CSW  mode. 
Strong  mode-coupling  in  this  mode!  produces  a  family  of  dispersion  curves  which 

demonstrates  the  possibility  of  hybrid  waves  in  the  Gulf  Stream;  that  is,  coupling  of  a 
CSW  and  a  FTW  may  give  rise  to  a  wave  which  appears  to  be  a  CSW  over  the  continental 
shelf,  but  also  has  large-amplitude  motions  in  the  Gulf  Stream  frontal  /.one  typical  of  a 
FTW.  These  stable  wave  studies  led  into  our  later  theoretical  investigations  of  unstable 
wave  motions  in  a  baroclinic  Gulf  Stream  (under  NSF  sponsorship). 

Results  from  this  project  were  published  as  follows; 

Journal  Articles 

Brooks.  D..\.,  and  J..M.  Bane:  Gulf  Stream  Delleclion  by  a  Bottom  Feature  off  Charleston, 
South  C.trolin.i.  Science,  2()I(JJ62).  pp.  1225-1226,  1978. 

Bane,  J.M.:  Lee  Topi)graphic  Rossby  Waves  in  the  Gulf  Stream.  In;  Symposium  on 
Lom;  Uinc.v  in  the  Ocean.  Manuscript  Report  Series  No.  5.L  National  Research  Council 
ol'  Can.id.i,  pp.  17.V18(),  1979 

B.me,  J  .M  and  17, .A.  Brooks:  Gulf  Stream  Meanders  along  the  Continental  Margin  from 
the  1101111:1  Sir.iils  to  C.ipe  llatteras.  Geophys.  Res.  Letters.  6  (-4),  pp.  280-282,  1979. 

BtiHiks,  I)  .A  :  Coupling  of  the  Miildle  and  South  Atlantic  Bights  by  Sea  Level 
ill.iiii'iis,  ./  Rhys  I'.iniigr  ,  9,  pp.  1.704-1711,  1979. 
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Brooks,  D.A.;  Shelf  Waves:  Do  They  Modulate  llie  Gulf  Stream?  In:  Symposium  on  l.ony 
U'ovt'.v  in  the  Oeeun,  Munui<.rip[  Report  Series  No.  53,  National  Research  Council  of 
Canada,  pp.  162-172,  1979. 

Bane,  J.M.,  and  Y.  llsueh:  On  the  Theory  of  Coastal-Trapped  Waves  in  an  Upwelliiii: 

I  rontal  Zone.  J.  Phys.  Oceano^r.,  10(2),  pp.  270-285,  1980. 

Bane,  J.M.:  Coastal-Trapped  and  Frontal-Trapped  Waves  in  a  Baroclinic  Western 

Boundary  Current.  J.  Phys.  Oceanoyr.,  10(10),  pp.  1652-1688,  1980. 

Technical  and  Data  Reports 

Brooks,  D.A.:  Long  Wave  Coupling  of  the  Mid-  and  South  Atlantic  Bights  Forced  by  tlie 
Aimosiiliere.  Te.xas  A  and  M  Vniv.  Report  No.  79-3-T,  119  pp.,  1979. 

Notes  and  Published  Abstracts 

Bane,  J.M.:  Baroclinic  Topographic  Rossby  Waves  in  a  Sheared,  Baroclinic  Western 

Boundary  Current.  Trans.  Amer.  Geophys.  Un.,  5S(I2),  p.  1158  (abstract).  Paper 
presented  at  the  AGU  Fall  Annual  Meeting.  December  6,  1977. 

Bane,  J.M.:  Gulf  Stream  Fluctuations  along  the  Continental  Margin:  Observations  and 
Theory.  Trans.  Amer.  Geophys.  Un.,  00(7),  p.  90  (abstract).  Paper  presented  at  the  AGU 
Fall  Annual  Meeting,  December  5,  1978. 

Bane,  J.M.:  Density  Fronts  in  Coastal-Trapped  Wave  Models;  The  Complementary 

.Mode.  Ocean  Modelling,  26,  pp.  3-5,  1979. 

Banc,  J.M.,  and  D  A.  Brooks:  Gulf  Stream  Meanders  along  the  Continental  Margin  from 
the  Florida  Straits  to  Cape  llattcras.  Trans.  Amer.  Geophys.  Un.,  60ll6).  p.  205  (ab¬ 
stract). 

Luther,  .M.L.,  and  J.M.  Bane:  Coastal-Trapped  Waves  in  a  Continuously  Stratified 

Western  Boundary  Current.  Ocean  .Modelling,  25,  pp.  6-8,  1979. 

Luther,  MIL,  and  J.M.  Bane:  Coastal-Trapped  Waves  in  a  Continuously  Stratified 

Western  Hound. iry  Current  Trans  Amer  Geophys  Un  ,  60(46),  p.  848  (abstract).  P.iper 
prc'.enled  at  the  .AGL'  F.ill  Annual  Meeting.  December  6,  1979. 


Banc,  J.M.:  Coaslal-Trappcd  and  Frontal-Trappcd  Waves  in  a  Baroclinic  Western 
Boundary  Current.  Trans.  Atner.  Geophys.  Un.,  61,  p.  260  (abstract).  Pajrer  presented 
at  tlic  AGU  Spring  Meeting,  Toronto,  May  23,  1980. 

T  h  e  s  e  s 

Du,  Chen-San:  Some  Aspects  of  the  Theory  of  Topographic  Rossby  Waves  in  a 
Baroclinic  Boundary  Current.  1980,  65  pp. 

Luther,  Mark  E.:  Coastal-Trapped  and  Fiontal-Trapped  Waves  in  a  Continuously 
Stratified  Western  Boundary  Current.  1980,  77  pp. 


B.  Observations  of  Topographic  Rossby  Waves  and  Gulf  Stream  Meanders 

along  the  Continental  Slope  (Work  began  1  April  1978) 

The  obsci vaiional  phase  of  ihis  project  took  place  during  calendar  year  1979.  The 
core  of  the  experiment  consisted  of  four  taut-wire  moorings,  which  supported  a  total 
of  ten  Aanderaa  I\CM-4  current  meters.  The  moorings  were  deployed  over  the  200  and 
400  meter  isobaths  during  the  period  from  16  January  to  15  May,  1979,  and  again  from 
5  August  to  17  .November,  1079  (Figure  1).  Shipboard  hydrographic  surveys  were 

made  in  the  vicinity  of  the  moorings  during  each  deployment  and  recovery  cruise. 

Two  series  of  AXBT  llights  were  conducted  to  rapidly  map  the  thermal  structure  in  the 
upper  400  meters  of  the  Gulf  Stream  frontal  zone  between  Savannah,  G.'\,  and  Cape 
llaiicras,  NC.  Eight  Hights  were  made  between  9  and  18  February,  and  five  Highis 

were  made  between  21  atid  29  November. 

Two  large-amplitude  meanders  were  mapped  during  the  February  flights,  with  the 
night  on  1  1  February  giving  the  best  coverage  of  these  events.  The  temperature  data 

clearly  show  the  skewed,  wavelike  meander  patterns  that  were  in  the  Stream,  and  the 

filament  of  warm  Gulf  Stream  water  which  trailed  each  meander  crest.  [Note:  A 

tnciindcr  crest  (trough)  is  taken  to  he  the  shoreward-most  (seaward-most)  excursion 
of  the  Stream  alon^  one  meander  length.]  The  space-time  views  of  these  two 

li.iriicular  meanders  are  the  most  comprehensive  that  we  obtained  during  the  field 

study  (Figure  2).  A  complete  description  is  given  in  Bane,  Brooks  and  Lorenson 

(  1981  ). 

.•\n  overview  of  the  combined  theoretical  and  observational  results  from  the  first  two 
projects  may  be  seen  by  considering  the  frequency  vs.  wavenumber  (period  vs. 
^wiveleiigih)  diagram  in  Figure  .1.  This  is  a  composite  plot  of  the  observed 
period-wa\ elengih  points  for  the  dominant  sub-iniertial  motions  that  have  been 
observed  along  the  Caroliita  continental  margin,  along  with  the  theoretically 
determined  dispersion  curves  for  the  stable,  sub-incrlial  waves  which  may  propagate 
in  that  domain.  fhe  dispersion  curves  in  the  upper  half  of  the  dispersion  diagram 
ssere  calcul.iied  with  the  baroclinic  model  of  Banc  (1980),  using  the  wintertime 

Onslow  Bay  lo[K)graphy/density/current  regime.  Three  types  of  waves  are  possible. 
The  barotropic  waves  are  continental  shelf  waves  (CSW)  and  quasigeostrophic  etlge 

waves  (OGFW).  One  front  al -t  rapped  wave  (FTW)  exists,  and  has  non-dispersive 
propag.iiion  and  b.iroclinic  velocity  structure.  The  three  solid  circles  in  the  upper 
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Figure  1.  Details  of  the  moored  array  over  the  Onslow  Bay  upper  continental  slope, 
which  was  in  place  for  two  four-month-long  periods  in  1979.  Moorings  A,  B,  C,  and  D 
arc  shown,  along  with  the  mean  currents  from  measurement.s  made  between  mid- 
January  and  mid-May  of  that  year.  Instruments  at  the  lop  (T),  middle  (M)  and  bottom 
(B)  positions  on  the  moorings  arc  indicated. 


Figure  2.  An  extensive,  three-dimensional  view  of  two  large-amplitude  Gulf  Stream 
meanders  which  progressed  along  the  Carolina  Continental  Margin  during  February 
1979.  These  data,  from  our  11  February  AXBT  survey,  demonstrate  the  skewness  of  thi.s 
type  of  meander.  A  warm  filament  trails  each  of  the  meander  crests.  The  .southern 
filament  has  been  "sliced"  through  vertically  revealing  the  shallowness  of  the 
filament,  and  showing  the  dome  ot  cool  water  which  has  upwellcd  to  fill  the  volume 
between  the  upper  slope  and  the  main  body  of  the  Gulf  Stream. 


Frequency 


Wavenumber 


Figure  3.  Frcqucncy-wavcnumbcr  diagram  giving  an  overview  of  ihe  combined 
theoretical  and  observational  results  from  the  tirst  two  projects.  The  dispersion 
curves  in  the  upper  half-plane  are  for  the  three  coastal-trapped  wave  components 
which  may  propagate  along  the  continental  margin  past  Onslow  Bay  in  a  typical 
wintertime  density/current  regime  (after  Banc,  1980).  The  wave  components  arc; 
barotropic  continental  shelf  waves  (CSW),  barotrupic  quasi-geostrophic  edge  waves 
(QGEW),  and  baroclinic  frontal-trapped  waves  (FTW).  The  frequency-wavenumber 
points  for  fluctuations  observed  off  Onslow  Bay  are  denoted  as  follows;  a,  b  and  d  arc 
coastal  sea  level  oscillations,  probably  due  to  CSWs  and  QGEW's;  the  triangles  e  and  f 
are  large-amplitudc  Gulf  Stream  meander^  and  smaller  amplitude  oscillations. 
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half-planc  (a,  b,  d)  indicate  the  pcriod-wavclcngih  points  for  the  suhtidal  coastal  sea 
level  oscillations  reported  by  Brooks  (!978).  The  proximity  of  these  poitiis  to  the 
dispersion  curves  for  the  fastest  QGEW  and  CSW  suggest  that  these  modes  are  mosi 
likely  responsible  for  the  oscillations.  Cross-shelf  structure  of  the  wave  amplitude 
function  for  each  of  these  wave  types  shows  a  maximum  at  the  coastline,  consistent 
with  the  observations.  Little  interaction  between  these  waves  and  the  Gulf  .Stream  is 
expected  upstream  of  Cape  Ilattcras  due  to  the  rather  wide  continental  shelf  (cf.  Bane, 
1980). 

The  period-wavelength  points  corresponding  to  the  two  dominant  Gulf  Stream 
meander  types  observed  during  the  GSME  are  denoted  by  the  solid  triangles.  Trituigle 
e  represents  the  more  energetic,  large-amplitude  meanders,  such  as  the  two  described 
in  Banc,  Brooks  and  Lorenson  (1981).  The.sc  meanders  typically  have  periods  ne.ir  8 
days  and  wavelengths  of  about  200  km.  Triangle  f  represents  smaller  amplitude 
oscillations  which  have  periods  near  3  days  and  wavelengths  near  100  km.  The  time 
series  and  the  freciuency  spectra  for  the  horizontal  velocity  component  measured  by 
the  B-top  instrument  during  the  January-May  period  clearly  show  the  signatures  of 
these  two  meander  types  (Figure  4). 


Each  meander  type  was  observed  to  propagate  in  the  northeastward,  or  "downstream'' 

direction.  Waves  which  fall  in  the  shaded  portion  of  the  lower  half-plane  in  Figure  3, 

as  do  the  Gulf  Stream  meanders,  have  downstream  phase  speeds  within  the  range  of 

the  mean  current  speed.  This  suggests  the  possibility  of  wave  instabilities.  The 
skewness  of  the  large-amplitude  wave  meander  patterns  observed  during  the  GSME 
also  suggests  a  flux  of  energy  between  the  mean  and  fluctuation  energy  "partitions" 
in  the  Stream  (Brooks  and  Banc,  1981).  The  fact  that  the  meander  period-wavelength 
points  fall  into  the  shaded  portion  of  the  dispersion  diagram  also  indicates  the 
importance  of  advcction  by  the  mean  flow  in  the  meander  dynamics.  The  lack  of 

signific'.iiu  ■.orrelation  between  Gulf  Stream  fluctuations  off  Onslow  Bay  and  coasttil 
sea  level  Buctuations,  reported  by  Brooks  and  Bane  (1981),  suggests  little  shelf-wide 
motion  associated  with  the  meander  field.  7'aken  together,  this  implies  that  the  t)pic;il 
topographic  Rossby  wave  modes  found  over  continental  shelves  (e.g.,  CSW's  and 
OGEW's)  are  probably  not  responsible  for  Gulf  Stream  meanders.  The  F3'W  components 
found  in  the  theories  of  Bane  (1980)  and  Luther  and  Banc  (1980)  seem  to  have 
structural  properties  similar  to  meanders  but  the  propagational  properties  differ. 


February  March  April  May 

1979 


Time  (days) 


Figure  4;i.  Forty  Four  low-pass  I'illcrcd  lime  scries  of  velocity  vectors  aiul 
components  (u  and  v),  temperature  (T)  and  salinity  (S)  from  the  li-Top  instrument  lor 
ttie  January-May  1979  mooring  period.  Velocity  vectors  (top  panel)  poitiling  toward 
the  lop  of  the  figure  correspond  to  downstream  How.  The  bottom  patiel  sliows  the 
relative  velocity  components  due  to  the  hori/ontal  shear,  estimated  by  the  moored 
array.  Prominent  oscillations  occur  at  periods  near  8  days. 
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Figure  41).  Spccirul  propcrlics  of  the  40  hour  low  pass  filiercd  offshore  (u)  an 
downstreram  (v)  velocity  components  measured  at  the  B-Top  instrument  during  ih 
January-lo-May  1979  mooring  period  (sec  Figures  1  and  4a).  The  most  energeii 
fluctuations  were  eiglil-day-period  meanders,  which  were  characterized  by  larg 
variations  in  the  v  component.  The  R-Top  v  spectrum  (denoted  Y-.Spectrum  hen, 
shows  spectral  peaks  at  S.O  days  and  .T6  days.  The  cross  phase  of  about  -70*’  in  th 
0.10-0.  IK  cyclc/day  band  shows  that  u  leads  v  by  less  than  one  quarter  period,  so  th 
large  amplitude  meander  velocity  components  are  not  in  quadrature.  The  0.26-0.,) 
cycle/day  band  shows  cross  phase  to  be  neat  -90”,  implying  a  typical  progressiv 
wave  motion. 
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The  B-top  insirunicnl  was  moored  at  250  meters  depth  over  the  390  meter  isobath.  'Flie 
siitnatures  of  several  large-amplitude  meanders  (corresponding  to  triangle  e  in 
rigure  3)  consist  of  in-phase  increases  in  alongshore  velocity  (v)  and  temiierature 

(T).  1\i.o  of  the  largest  amplitude  meanders  passed  B-top  on  5  and  11  lebruary  (sec 

I'igure  4a).  These  are  the  two  meanders  shown  in  Figure  2.  Smaller  amplitude 
oscillations  (corresponding  to  triangle  f  in  Figure  3)  occurred  in  all  variables 

throughout  most  of  the  mooring  period.  The  February  AXBl'  data  revealed  that  only  a 

slight  meander  pattern  in  the  subsurface  temperature  field  accompanied  these 
m  o  t  i  o  n  s . 

B-top  time  series  data  suggest  that  periods  of  large-amplitude  meander  activity  arc 
separated  by  less  energetic  periods.  For  example,  no  large-amplitude  meanders  were 
recorded  at  B-top  during  the  interval  between  24  February  and  27  March.  In  an  effort 
to  study  the  energetics  of  the  Stream  during  the  mooring  period,  and  to  assess  the 

importance  of  meanders  in  the  energy  transfer  processes,  the  terms  in  the  energy 
equation  were  calculated.  Energy  flux  terms  were  calculated  in  two  manners:  First, 
fluxes  were  determined  for  the  entire  period.  Second,  the  records  were  divided  into 

four  equal-length  scries  and  fluxes  calculated  for  each  of  the  approximately 
monih-loitg  periods.  These  calculations  consistently  indicate  that  energy  is  being 
converted  from  meander  kinetic  energy  (KE)  and  (available)  potential  energy  (PE)  to 

mean  KE  and  PE  off  Onslow  Bay.  They  also  indicate  that  the  meanders  play  an 

important  role  in  the  energy  transfer  processes.  The  succeeding  observational  study 
in  the  Gulf  Stream  along  the  .southeastern  United  States,  described  in  section  C  below, 
focused  on  the  energy  transfer  processes  and  sought  to  determine  the  extensive 
alongshore  propagation  and  coherence  of  the  meander  field. 

Results  from  this  project  were  published  as  follows: 

Journal  Articles 

Banc,  J.M.,  D.A.  Brooks,  K.R.  Lorenson,  and  C.M.  Seay:  Three-Dimensional  View  of  a 
Gulf  Steam  Meander  between  Savannah,  GA  and  Cape  Uatteras,  NC.  Gidfstrcam.  6(>). 
pp.  3-7,  19S0. 

Banc,  J.M.,  D.A.  Brooks,  and  K.R.  Lorenson:  Synoptic  Observations  of  the 
Three-Dimensional  Structure  and  Propagation  of  Gulf  Stream  Meanders  along  the 
C.irolina  Continental  Margin.  J.  Geophys.  Res.,  H6(C7),  pp.  6411-6425,  19KI. 


Brooks,  D.A.  and  J.M.  B.mc:  Gulf  Sircaiu  Fluclualions  and  Meanders  over  ilie  Onslow 
Bay  Upper  Coniinenial  Slope.  J.  Rhys.  Ociuinu^r.,  l!(2),  pp.  247-256,  I9SI. 

Bane,  J.M.  (editor):  Proeeedings  of  the  Workshop  on  Gulf  Stream  Structure  and 
Variability.  Uriiv.  North  Carolina  Publication,  394  pp,  19S2. 

Bi  uoks,  D.A.,  and  J.M.  Bane:  A  Seasonal  Comparison  of  Gulf  Stream  f-luctuaiions  oil 
North  Carolina.  Proc.  Workshop  Gulf  Stream  Struc.  \'ar  ,  Univ.  North  Carolina,  pp. 
63-6S,  1982. 

Chew,  F.,  J.M,  Bane,  and  D..‘\.  Brooks:  The  Propagation  of  a  Cold-Dome  Meander:  A 
Conceptual  Model.  Proc.  Workshop  Gulf  Stream  Struc.  Var.,  Univ.  North  Carolina,  pp. 
63-68,  1982. 

Bane,  J,.M.:  Initial  Observations  of  the  Subsurface  Structure  and  Short-Term 
Variability  of  the  Seaward  Deflection  of  the  Gulf  Stream  off  Charleston,  South 
Carolina.  J  Gcophys.  Res.,  S8(C8).  pp.  4673-4684,  1983. 

Brooks,  D.A.,  and  J.M.  Banc:  Gulf  Svreana  Meanders  off  North  Carolina  During  Winter 
and  Summer  1979.  J.  Geophys.  Res.,  88(C8),  pp.  4633-4650,  1983. 

Hood,  C.A.  and  J.M,  Banc:  Subsurface  Energetics  of  the  Gulf  Stream  Cyclonic  Frontal 
Zone  off  Onslow  Bay,  North  Carolina.  J.  Gcophys.  Res.,  88(CS),  pp.  4651-4662,  1983. 

Legcckis,  R.,  and  J.M.  Bane:  Comparison  of  the  TIROS-N  Satellite  and  Aircraft 

Measurements  of  Gulf  Streant  Surface  Temperatures.  J.  Geophys.  Res.,  88(C8),  pp. 
4611-4616,  1983. 

Bane,  J..M.,  and  W.K.  Dewar:  Biomodality  in  the  Gulf  Stream?  Gulf  Stream  Workshop 
Proc  ,  Univ.  Rhode  Island,  pp.  II. 1 1 6-11. 1 26,  1985. 

Bane,  J,.M.,  and  D.R.  Watts:  Recent  Current  Measurements  in  the  Gulf  Stream 
Downstream  from  Cape  Haticras.  Gulf  Stream  Workshop  Proc.,  Univ.  Rhode  Island,  p[i. 
11.127-11.  134,  1985. 

Chew,  F.,  J.M.  Bane,  and  D.A.  Brooks:  On  Vertical  Motion,  Divergence  and  the  Thermal 


Wind  Balance  in  Cold-Dome  Meanders:  A  Diaenosiic  Study.  J  Gcophys.  Res  ,  *J0(C!'  pji. 
19N5. 

Technical  and  Data  Reports 

Bane.  D..-\.  Brooks,  K.R.  Lorenson,  and  C.M.  Seay:  The  Gulf  Stream  Meanders 

Hsperiment  -  A.\Bl/l‘kT  Data  Report.  R/A/BirJseye  Plights,  9-lS  February,  1979.  Univ. 
.\'i>rth  Carolimi  Report  No  CMS-SO-2.  21.^  pp.,  1980. 

Bane,  J.M..  D..\.  Brooks,  and  M.J.  Ignas/cwski:  The  Gulf  Stream  Meanders  Experiment  - 
Hydrographic  Data  F^eport,  R:\'  Endeavor  Cruises  EN-040  and  EN-045.  Texas  A  and  M 
Univ  Report  No.  SO-II-T,  170  pp.,  1980. 

Brooks,  D..^.,  J.M.  Bane,  and  M.J.  Ignaszewski:  the  Gulf  Stream  Meanders  Experiment  - 
Hydrographic  Data  Report,  R  \'  Endeavor  Cruises  E.N’-O.M  and  E.M-0.^7.  Texas  A  and  M 
Univ.  Report  No.  RO-l-T,  145  pp..  1980. 

Brooks,  D..A.,  J.,\l.  Bane,  ICL.  Cohen,  and  I'.  Blaiikinship:  The  Gulf  Stream  Meanders 

Exireriment  -  Current  Meter,  .■\tmosphcric  and  Sea  Level  Data  lieport,  January  to  May, 

1979,  .Mooring  fC'riod.  Texas  A  and  M  Univ.  Report  No.  H0-7-T,  264  pf).,  ?9.S’0. 

Luther,  ME.,  and  J.M.  Bane:  Coastal-Trapped  and  Frontal-Trapped  Waves  in  a 

Continuously  Stratified  Western  Boundary  Current  Univ.  North  Carolina  Report  No. 
CMS-SO-I,  77  pp.,  1980. 

Bane,  J.M.  and  D.A.  Brooks:  The  Gulf  Stream  Meanders  Experiment  -  AXBl'/l’RT  Data 
Report,  R/A  Seascan  Flights,  21-29  November  1979.  Univ.  North  Carolina  Report  No 
CMS-S/-1.  174  pp.,  1981. 

Broiiks,  D.A,,  J..\I.  Bane,  R.L.  Cohen,  and  I’.  Blankinshi]):  d'he  Gulf  Stream  .Me.uulers 

Experiment  -  Current  Meter,  Atmospheric  and  Sea  Level  [7ata  Report,  .August  to 
.November,  1979,  NKioring  I’eiiod.  Texas  A  and  M  idiiv  Report  No  SI-7-T,  18.^  [ip.,  1981. 

Notes  and  Published  Abstracts 

Batie,  J  AL,  and  D.A.  Brooks:  Three  Dimensional,  Mesoscale  Charactei  isiics  ol  the 

femperature  FiekI  in  the  Gull  Sire.im  Frontal  /.one  South  of  Cape  Flattei;is.  Trans 

A/ner  Cenphys  Un  .  p.  859  (abstract).  I’aper  presenlcil  at  the  .AGU  l■.^ll  .Anmi.il 


steeling,  Decetiiber  6.  1970. 


Brooks,  anJ  J.M.  Bane:  Gulf  Stream  Meanders  and  l,ow  Fret|ueney  Currenis  o\er 

ilie  C'oniinenial  Slope  olT  Onslow  Bay,  NC.  Trans.  Amcr.  Ginphys.  Un.,  OOf-Jfi).  |’- 
labsiraeU.  I’aper  presenietl  at  the  AGU  Fall  Annual  Steeling,  December  6,  1979. 

Luiher,  St  F.,  J.St.  Bane,  and  D.A.  Brooks:  Rotary  Spectra  of  Gull'  Stream  Steanders  over 
the  Continental  Slope  ol'f  Onslow  Bay,  Noiili  Caioiuu.  Trans.  Anier.  Gcaph  s  I'n  ,  61.  [r. 
261  (abstract).  Paper  presented  at  the  AGU  Spring  Steeling,  Toronto,  Stav,  19S(), 

Bane,  J.St.,  D.A.  Brooks,  and  K.R.  Lorenson:  Synoptic  Observations  of  the  lliree- 

Diniensional  Structure,  Prop.igation  and  Evolution  of  Gulf  Stream  Steandeis  along  the 
Cttrolina  continental  .Margin,  Dull.  Amcr.  Meteor.  Soc.,  61  (abstract).  I’a[ier  [uesenied 
at  the  riiird  Conference  on  Atmospheric  and  Ocetmic  Waves  and  Siabilii)',  S,m  Diego, 

J.inu,iry  19,  1981. 

B,me,  J..M.,  and  R.V.  Legeckis:  Comparison  of  Aircraft  and  1'IROS-N  .S,iielliie  Thermal 
InI'rared  .Measurements  of  the  Gulf  Steam.  Trans  Amer.  Geophys.  Un.,  62.  p,  29.8 
(abstract).  Paper  presented  at  the  AGU  Spring  Meeting,  B,iliimore,  May  26,  1981, 

Seay,  C.St.,  and  J.St.  Bane:  On  the  U.sefulness  of  Remotely  Sensed  Sea  Surface  Temper- 
,ilure  Patterns  as  Indicators  of  Subsurface  Nteanders  in  the  Gulf  Stream.  Trans  Amer. 
Geophys  Un  .  62.  p.  .102  (abstr.ict).  Paper  presented  at  the  AGU  Spring  Meeting, 
Baltimore,  .May  27,  1981. 

Hood,  C..'\.,  and  j.,M.  Bane:  Subsurface  Energetics  of  the  Gulf  Stream  Cyclonic  Froni.il 
/one  oil  Onslow  Bay,  North  Carolina.  Trans.  Amer  Geophys.  Un  .  (>2.  p.  926  (abstract). 
Paper  picsenied  at  the  AGU  Fall  Annual  Meeting,  San  Francisco,  December  2.  IMS  I, 

Brooks,  D..\.  and  J.NF  Bane:  Gulf  Steam  Meanders  itff  North  Carolina:  A  Seasonal 

Com|),irison  of  their  Observeil  Characteristics.  Trans  Amer  Geophys  Un  .  (>2.  p.  .J62 
I  .ibst r.ict ).  Invited  F’.iper  [iresenied  ;it  the  .‘\CiU  Spring  .■\nnu,il  Meeting,  PInladelplii.i, 
June  4,  1982. 


/'  h  e  V  e  s 

l.oienson,  K:tren  R  ;  Iti  ree  -  Dimensii'n,d,  .Mesoscale  Characleiislics  of  the  Gull  Siie.im 


Thcnnal  r'ronial  Zone  Soiiili  of  Cape  Haticras.  19K0,  181  pp. 


Luther,  Mark  E.:  Coastal-Trairped  and  Froiiial-Trapped  Waves  in  a  Coiiiinuously 
Sir.iiiried  Western  ILHiiidary  Current.  1980,  77  pp. 

Hood,  Carroll  A.:  Subsurl'ace  Energetics  of  the  Cyclonic  Gulf  .Stream  Eronitil  Zone  off 
Otislow  Bay,  North  Carolina.  l‘)81,  57  pp. 

Se.iy ,  Cynthia  M.:  Characteristics  of  the  Gulf  Stream  Sea  Surface  Temperature  I'ieLl 
Between  Savannah,  Georgia  and  Cape  Hatleras,  North  Carolina.  1981,  115  pp. 


c. 


All  Obsci  vatioiiiil  Study  of  (lulf  Stream  Deflection  and  Meander 
Unerjjetics  alony  the  Continental  Margin  (Work  1  April  l‘isi) 


nuMity  ilie  period  September  l‘)Sl  iliroiij:li  Apiil  l‘tS2,  the  Cull  Slieum  nelleetloii  uiul 
M  e.inder  l■’ner^elle^  bxperiiiiem  (DAMIZX)  v^as  conducted  iii  the  reeion  of  the  Sue. mi's 
se.iu.ird  delleclioii,  olT  C'h.irle.\toii  South  C.iioliiia  at  about  eJ"  N  l.iiiiu.le.  Ilus 
expeniueiit  uas  desieiied  to  study  the  del'lectioii  I'roccss  .md  its  rel.ilioiiship  to  Cull 
Siie.im  inability,  lit  this  project,  vee  collected  data  uhich  sueecsl  ih.il  the  dericilion 
ol  the  Siie.im  has  a  bimod.il  char.iclcr.  and  that  the  ii.iiuie  ol'  the  low  lieipieiies 
V  .11 1  .ibi 1 1 1 s  ol  the  Stream  iit  the  rejrioii  Irom  the  Ch.iilesioii  bump  to  C.ipe  ll.i'ieMs 
'..Hies  bel'.'.een  the  teiro  sl.ites  itt  ilellectioii  In  D.X.MlhX  p.ipers,  ue  dcsenbe  tiiese 
observ  .itions  (Itaiie  and  Oeivar,  lhS7).  discuss  the  enerjjelics  of  the  Sue. mi  in  this 
reeion  (De'.'.ar  and  Dane,  lhK5),  and  analyze  the  d>ii.imic.il  bal.inces  amt  veiiie.il 
selociiies  in  Cull  Sire.im  riuciu.iiions  tOsjjood  el  al,  lhS7). 

D.X.Mb.X  uas  composed  ol  three  observation.il  comi'onenis.  ll)  f'urreni  meieis  .md 
bottom  pressure  g.iuees  \eere  supported  on  seven  moorings  for  the  seven-month-long 
1).-\M!-.X  period,  vvhuh  began  in  September,  Ihsl;  (2)  a  CTl)  survey  was  made  in  the 
dellettion  region  during  September.  I9KI;  and  {})  four  .-WMT  surveys  were  conducted 
along  me  Cull  Stieani  in  .in  area  whieh  encomp.issed  the  delleciion  region  in  March, 
19S2.  file  seven  iiisirumeni  moorings  compiised  the  centra!  D.AMli.X  componeni,  .iml 
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during  the  197‘»  mooimg  peiiod  (see  Sevtion  H,  above  i 

I  he  three  mooinigs  in  e.uh  ol  the  If  and  h  .iii.ivs  vseie  pl.ued  in  .m  I  i.  on  i , u  i  .ii  i.  >r. . 
vviili  one  mooring  on  the  dUn  m  isob.ilh  .md  two  on  the  -hKi  m  iNoh.iili  In  e.n  li  .iii.iv 
llie  sh.illovs  tnooiiiig  w.is  identified  as  the  'I'  mooimg.  the  one  d.iiemiv  do.snsio;.- 
Iroiii  (Ills  us  ilio  '2'  mooring,  .md  the  one  .ilongslope  to  the  tioiili  or  n,  ■  ,  ,i  ,is 
'  iiiooim',.’  I  lie  lop  ibotloiii)  tiirient  meter  .it  e.iOi  mootin  ',  in,  h, dni.t  (  ..  ! 


ai  a  nominal  dcjilli  of  210  m  (270  m).  Eaoh  insiriiimMii  is  rcl’crrcd  lo  by  a  unii|uc  name 

wliicli  denotes  its  array,  mooring  and  instrument  location.  Tor  example,  Elf  (Elli)  is 
the  current  meter  at  the  toji  (bottom)  position  on  the  El  mooring. 

I'he  current  meters  measured  hori/onlal  velocity,  temperature  and  conducliviiy  at 

3()-minute  intervals  I'rom  the  middle  of  September,  lOSl  to  the  middle  of  .‘\piil,  E^S2. 
The  data  were  low  pass  filtered  to  remove  tides  and  internal  waves  by  using  a  modified 
Lanc/os  filler  with  a  quarter-pow'er  point  at  forty  hours.  The  resulting  tony  hour  low 
passed  (40  IIRLP)  time  series  averaged  200  days  in  length  anil  had  an  efi'eclive 
sainjiling  interval  of  six  hours.  This  |rrocessing  follows  that  of  our  earlier  study  (if 

Brooks  el  al,  1081).  A  full  documentation  of  all  DAMEX  mooring  data  and  processing 
techniipies  is  given  in  B.me  and  Dewar  (108.4). 

Eluctualions  of  the  Gulf  Stream  changed  in  character  twice  during  the  seven-monih 
D.A.MEX  mooring  period.  The  oscillations  observed  at  each  current  meter  nutoring  were 
predominantly  in  the  4-  to  8-day  period  band  prior  lo  Novemlier  and  after  Jaiiuars, 
while  during  ilie  November-through-January  interval  they  were  of  disiineily  lower 
frequency,  with  periods  ranging  approximately  from  14  to  20  days.  These  changes 
were  most  noticeable  at  Array  F  (Figure  5b),  although  they  are  obvious  at  the  mlier 
locations  as  well.  Our  analysis  indicates  that  these  dramatic  changes  were  associated 

with  differences  in  the  degree  of  deflection  of  the  Gulf  Stream  al  the  Charleston 
b  u  m  p  . 

e  will  reler  to  the  configuration  of  the  Gulf  Stream  prior  to  mid-October  ,md  alter 

J.inuary  as  the  "weakly  deflected"  stale,  and  to  its  configuration  dining  the 

midOctober-llnough-January  period  as  the  "strongly  deflected"  state.  Two  satellite 
im.iges  of  ilie  se.i  surlace  temperature  (SST)  field  t.iken  during  DAMEX  show  the  two 
deHeiiion  st.ites  quite  nicely  (Figure  6).  'I'hey  are  the  AVIIKK  images  lor  .I  Deeenihei 
1‘tNl  ,ind  2  .March  Ib82,  which  are  typical  r)f  the  strongly  and  we.ikls  deflected  states. 

I  s  s[iec  1  IS  e  l_v .  The  prini.ir)  difference  between  the  images  is  the  olfshore  irosiiion  ol 

ilie  111, nil  bods  of  the  Gulf  Stream  just  dosvnsiream  of  the  Ch.irleston  bump  In  the 
sse.ikis  delleeted  st.iie,  the  Stream's  shuieward  SS  f  front  is  esery  ss  here  shoiess.nd  ol 
the  M4)  111  isib.itli  u|rsire.im  of  Cape  I  l.illeras.  In  the  strongly  deflected  si.ite,  llie 

sliofessaid  SSI  limit  t.iiid  thus  the  entire  width  of  the  Gulf  Stream)  is  se.iss.iid  of  the 
('(III  m  conioiir  I's  al  le.isi  .SO  kin  for  that  portion  of  its  path  just  doss  nsi  le.iin  of  the 
I'lmqi  W'e  li.ise  loiind  this  to  be  a  good  "rule  of  thumb";  namels',  if  the  (lull  Sire.iiii S 


shoreward  SSI'  Iroiil  in  the  lirst  several  tens  ol'  kilometers  just  downstream  of  the 
Charleston  bump  is  seassard  of  tlie  60(J  m  isobath,  then  we  consider  the  Stream  to  be  in 
Its  stronely  deflected  state. 

1  liere  is  a  noticeable  dilference  in  the  Stream's  meander  patterns  betweer;  tlie  twm 
states  ol  del  lection.  Downstream  ol  the  bump,  several  of  the  typical  meander/frontal 
eddy  patterns  and  their  associated  warm  filaments  occur  iti  the  weakly  deflected 

example  cd  2  March.  In  contrast,  the  path  of  tlie  Stream  in  that  region  in  the  strongly 
delleeted  case  ol  Decetiiber  is  a  raihei  smooth  arc.  The  Stream  leaves  the  tiefleciion 

region  llowing  eastward  well  past  the  600  m  isobath,  and  then  it  turns  graduall)' 
northward  towards  Cape  llatleras.  Tarlier  observations  of  the  flow  over  the 

eontinetital  shell  and  uiiiier  slope  in  this  region  have  shown  that  there  is  a 

quasi-stationary,  cyclonic  circulation  pattern  (the  so-called  "Charleston  Gyre") 
[losiiioned  shoreward  of  the  Gulf  Stream's  :ircu:iic  path  in  iliis  stale.  We  found 

meaiuler  like  nuctuations  to  occur  in  the  Charleston  to  Cape  llatleras  region  during  a 
period  ol  strong  delleciion  in  DAMEX.  Such  meanders  of  the  Gulf  Stream  jet  have 
lateral  amplitudes  greater  and  phase  speeds  slower  than  do  the  more  ccunmonly 

obserxed  meander/frontal  eddy  patterns.  Data  presented  below  show  this  meander 
moiion  to  result  in  a  cjuite  convoluted,  sometimes  "sawtooth"  pattern  in  ihe  Gulf 
Stream  s  p.uh,  rexuliing  in  very  strong  aniicyclonic  flow  around  each  meander  crest. 
To  distinguish  this  type  of  meander  moiion  from  the  meander/frontal  eddy  motions 
which  occur  when  the  Stream  is  only  weakly  di  '’lecled,  we  will  refer  lo  the  larger 
amplitude  meandeis  observed  during  the  strongly  deHected  period  of  this  study  as  the 
D.XMLX  meanders. 

The  record-long  mean  velocity  vectors  show  the  effect  of  the  seaward  deflection  at 
the  !■  moorings  (figure  5ii}.  Relatively  low  mean  velocities  occurred  there,  aiul  were 
due  lo  the  shill  ol  ihe  Siream  away  from  Array  F  during  ihe  strongly  deflected  stale. 
Ihix  gre.iily  rcduceii  the  mean  downstream  speed  there  for  the  mid-October  through 

JaPuarx  period.  Because  ihese  moorings  xxere  sometimes  in,  and  sometimes  out  of  the 
Stream,  the  esxeniiallx'  e.ixixx.ird  means  at  FIT  and  F2B  may  not  be  reliable  indicators 

ol  the  longer  term  mean  path  ol  the  main  Stream  in  this  area.  For  comparison,  the 
me.in  path  of  the  shorexvard  SST  front  as  indicaled  by  Bane  and  Brooks  (1979)  is 
oriented  near  060”  1  rue  ihere.  The  Array  F  mean  velocities  are  more  suggestive  of  the 
exclonic  flow  around  the  soulhern  edge  of  the  Charleston  Gyre. 
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1).  Oljservatioiis  of  the  Current  Structure  and  Kneri^etics  of  (Julf  Stream 

Fluctuations  Downstream  of  Cape  Hatteras  (Woik  hc;Mii  1  Ociolvr 

During  1984,  an  array  of  five  current  mcicr/boiiom  pressure  gauge  moorings  aiul 

lu'cniy  inverted  echo  sounders  (lES)  was  maini.iined  in  the  Cull'  Siream  region 
150-500  km  northeast  of  Cape  Halteras.  The  mooring  locations  are  sluusn  in  l  iguie  7, 
The  fi\e  current  meter  mooring  sites  eacli  had  four  levels  insi r umenieil  from  509  m 

below  the  surface  to  near  the  bottom.  An  Ili.S  with  a  bottom  [iressurc  gauge  was 
located  at  the  base  of  each  mooring. 

This  was  an  extremely  successful  field  program.  We  used  a  high  [performance  design 
for  the  current  meter  moorings,  which  allowed  them  to  extend  high  into  the  strong 
current.  This  was  the  first  3-dimensional  array  of  current  meters  to  span  through 
the  main  thermocline  and  strong  vertical  shear  in  a  region  where  the  Gulf  .Stream 

flows  in  deep  water.  To  withstand  the  strong  currents,  each  mooring  was  constructed 
with  small  diameter  (3/16")  jacketed  wire  to  reduce  drag,  and  high  floatation  (c  a . 
-*-2000  lbs.  positive  buoyancy).  These  high  performance,  "stil'f"  moorings  survived  a 
one-year  dejploymcnt  with  little  indication  of  adverse  effects.  The  lilting  of  the 

moorings  due  to  currents  was  well  within  design  specifications  for  Aanderaa  current 

meters,  and  the  amount  of  vertical  excursion  was  even  somewhat  lower  than  the 

design  target.  We  safely  recovered  all  of  the  moorings  and  instruments,  and  achieved 
a  data  return  of  85%  for  velocity  and  90%  for  temperature.  The  lE.Ss  were  recovered  in 
both  January  and  May  1985,  with  only  one  instrument  loss  and  one  data  tape  failure 

(both  from  the  second  deployment  period)  for  a  data  success  rate  of  95%  on  the 

19-month-long  combined  records.  The  failure  of  the  electrical  circuitry  controlling 

one  of  the  five  bottom  pressure  gauges  resulted  in  a  data  return  of  only  80%,.  However 

all  the  bottom  temperature  sensors  functioned  properly,  yielding  a  100%  data 
r  e  c  o  V  e  r  y  . 

We  al.so  experienced  a  high  level  of  success  in  our  seven  scheduled  AXBT  maiiping 
flights.  All  but  one  of  these  (lights  were  made  aboard  a  Naval  Research  Laboratory 

P-3,  with  the  remaining  one  down  aboard  a  NOAA  P-3.  Over  100  AXBT's  were  deploycrl 
per  flight. 

(!)  I  he  Current  Meter  Records  The  moored  array  was  located  in  a  region  where  Gulf 
.Stream  meanders  are  known  to  propagate  and  grow  in  the  downstream  direction.  In 
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f  igure  7,  solid  circles  on  lines  B  and  C  denoic  current  meter  moorings.  Aatideraa 
current  meters  were  placed  at  nominal  depths  of  500  m,  1000  m  and  2000  ni  from  the 
surface  and  500  m  from  the  bottom  (D-500)  on  each  mooring,  and  they  recorded 
current  s]K'ed,  current  direction,  and  temperature  at  one-hour  intervals. 

Figures  8a  through  8d  show  the  mean  How  vectors  at  the  four  levels.  During  much  of 
1984,  the  Stream  flowed  along  a  course  which  was  north  of  its  usual  path.  This 

condition  resulted  in  our  array  being  positioned  within  the  anticyclonic  side  of  the 

Stream,  as  may  be  seen  in  the  500  m  and  1000  m  mean  currents  shown  in  Figures  8a 
and  8b.  I'he  northernmost  mooring  (Cl)  was  essentially  at  the  Stream  center  during 
much  of  the  deployment  period.  By  contrast,  the  near-bottom  currents  (Figure  8d)  at 
the  two  southern  moorings  show  the  presence  of  a  deep  south  westward  mean  flow, 

counter  to  that  of  the  surface  Gulf  Stream. 

Times  series  of  the  forty  hour  low-pass  (40  HRLP)  filtered  downstream  speed  (u), 

cross-stream  speed  (v),  and  temperature  (T)  measured  by  the  four  instruments  on 
mooring  B2  are  shown  in  Figures  9a  through  9d.  Mooring  B2  was  the  westem- 
mo.it  in  the  airay,  located  near  35.6  N  and  73.5  W.  The  depth  of  the  top  instrument  is 
also  shown  in  the  top  panel  in  Figure  9a,  to  provide  an  indication  of  the  mooring's 

performance  (r.m.s.  vertical  excursions  of  about  60  m  at  the  mean  depth  of  440  m, 

excursion  range  from  350  to  585  m). 

Several  aspects  of  the  Gulf  Stream  environment  during  1984  may  be  seen  from  visual 
inspection  of  the  Figure  9  time  series.  The  uppermost  instrument  on  B2  was  on  the 
southern  fringes  of  the  strong  current  during  the  first  and  last  portions  of  the 

period,  while  from  about  year-day  120  to  day  350  the  Gulf  Stream  had  moved  far 

enough  stniih  that  its  high  velocity  core  flowed  through  the  array  near  mooring  B2. 
A  general  decrease  in  temiierature  was  seen  at  all  levels  of  B2  during  this  period, 

associated  with  the  southward,  shift  throughout  the  water  column,  of  the  baroclinic 
temperature  field  along  with  the  current. 

Two  strong  events  occurred  near  day  115  and  day  265  in  the  B2-1  record.  Using 

velocity  and  temperature  signatures  at  this  instrument,  [)lus  delay  times  between 

instruments  on  the  other  moorings,  it  was  determined  that  these  events  vveie 
cold-core,  cyclonic  eddies  moving  to  the  northeast.  Stitellite  data  confirm  that  the 

events  were  cold-core  Gulf  .Stream  rings  coalescing  with  the  main  current  and 
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i.'  .iii  .i  n  I  u  \  I  on  u  .il  1  \  lolaimt:  mi  ul  •  i!  e  p  I  li  u.iiin  e.M\  i'.I.uh 

;  iioi  isi 'A  ,i(J  iliioueli  the  arr.is  ,  just  on  the  Sargasso  Sea  sule  ol  ills'  (iul! 

s.ie.iiii  1  lie  e.!.!>  evienJes!  Iiinn  at  Ic.isi  the  ,S()()  m  lc\cl  to  the  neat -boiioin  i  n  si  i  unie'ii 
le'.  ai..!  ss.is  ai'oul  I2ii  kill  ill  siiaiiicicr.  It  left  Its  sign.itiire  in  the  H2.  Hv  ('?,  aii.l  C' 

Miooriii.;  1 11  si  1  unu' III  s  neat  vear  sl.is  .s4.S.  Teniperatuie  and  velocity  riiieiiiai  loiis  slue  to 
ihis  e.KI)  III,',  he  seen  iii  the  tune  series  in  Figure  for  several  levels  of  the  F2 

iiiooiiiig  I  hese  fills  Illations  oeeurred  as  the  lurrthern  side  ol  the  esldv.  whish  was 

sloss'si  to  ihe  (ImII  Stream,  passesi  over  this  inooritig.  'I'liere  were  no  oliseives!  sea 

siiil.iss'  is'iii  pe  r.iUire  eharaeterisi  ies  discernihle  In  satellite,  fiiiiher  indisaiing  ih.ii 
this  energetis  eilslv  w.is  eotieentrated  behnv  the  surface.  Remarkahlv,  about  two  weeks 

■ilier  (Ills  edslv  h.id  exiled  the  array,  the  nuioring  il.it.t  show  ih.it  it  reversesl  iis 

siHifse  .md  W.IS  travelling  southwest  ward  back  through  the  .irrav  at  the  etui  of  the 

evpeiimeni  perunl.  f’h.ise  speesl  was  estimated  to  be  abinit  1  .S  ktii/iiav'  sliiiing  each  of 

the  eilktv's  ti.iiisiis  through  tlie  arr.iy  area.  Due  to  its  jrosiiioii  on  llie  se.iw.iid  sule  of 
the  Sire. nil,  this  esisly  was  deiinitely  not  a  vsarm  core  (uilf  Sire.iui  ring.  Its  origin 
lem.iins  unknown  ,it  this  point  in  time. 

Ihe  ele.ir  sign.iiure  of  topogr.iphie  Rossby  wave  nuitions  m.iy  be  seen  in  the  112-4  time 
series  These  waves  liad  dominant  ireriods  near  thiity  d.iys  .nul  usu.illy  h.id  the 
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lengih  scale  and  prop.tg.it  ion  determinations  for  these  topographic  Rossby  waves. 
Figure  10  shows  the  variance  ellijises  for  the  lower  freipiencv'  (iieriods  lunger 

th.in  10  d.iys)  and  liigher  frei.|uency  (4  to  10  day  periods)  waves.  Also  shown  for  c.iJi 
freipiency  band  is  a  phase  propagralion  vector  coni|nited  from  one  itiplet  of  cuneiii 
nielers  vsnhin  the  .irrav.  Phase  speeds  were  found  to  r.inee 
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ilu-  (1-J  d.i>  pcruvl  lo  iK'.ir  15  km/il.i_v  lor  ilic  iK'iiod  u.iXL’s,  \.iliu's  lii.ii 

.iiv  ^v'nsisioiii  \viih  itiosc  IiuiikI  I'aiihcr  lo  llic  cast  ikinnij  cailicr  s'lulias, 

A  AaHooii  samniaii/ing  ihcsc  results  and  shouni^  the  \aiiel_s  and  c  oni  pie  \  ii  ol  ilie 
inoiioiis  ol'setAed  n'.iiIi  this  arra\  is  gi%en  in  I'leiiie  II.  This  level  ol  vanahilils  and 

laiee  iiuml'ei  ol  dilTereni  plienoniena  were  not  previously  evpeiied  m  ihis  lepion 
I  he  resLilis  also  siionelv  suggest  that  energeiie  eddy /S i ream  inieraeiions,  suvh  as  ihe 
I  vv  o  Cold  eoie  ling/Ciuir  .Stream  inieraetions  that  vve  olvserved  in  hiS-'.,  may  phiy  ,i 

raiid.tmeiU.i!  lole  m  indueing  rapid  changes  in  the  Stream's  jialh  and  v  an .ihi  1 1 1 y ,  and 
ill. it  the  elleels  of  sueh  changes  may  last  lor  a  time  period  miii.h  longei  than  ili.ii 

re^iLiiteil  lor  the  cliange  itself.  These  properties  of  the  (jiilf  Stream  enviionmeni  I'oini 
to  the  necessity  of  observing  the  dull  Stream  and  surioundiiig  waters  will,  sullisieni 

spatial  aiul  temporal  coverage  if  one  wishes  to  gam  ;i  com|ileie  undersi.iiiding  ol  ihe 

s  y  s  t  e  111 . 

i2i  Enfructus  of  the  Gulf  Stream  from  this  Current  Meter  Array  W’e  have  [teiformeil 
.in  tinalysis  of  the  Gulf  Stream's  energetics  using  d.ila  from  the  current  meter  arr.iy 
The  essciuitil  result  for  the  mid-level  portion  of  the  anti-cyclonic  Hank  of  the  Gulf 
Stream  jet  l.ibout  4U0  m  depth)  is  that  both  barolro|vic  aiivl  baroclinic  energy  transfers 
occur  from  the  mean  How  lo  the  fluctuations.  The  baroirojiic  meclianism  is  found  to 

be  the  domiitant  one,  consistent  with  earlier  fiitding  for  bSW,  but  in  cimir.isl  to 

e.irlier  results  for  IsVS.  The  h)w  amount  of  baroclinc  energy  trtmsfer  in  our  arrtiy  of 
limited  cross-stream  extent  reflects  the  low  density  fluctuations  and  mean  tlensiiy 
graviieiiis  within  the  mid-level  anti-cyclonic  shear  /one  due  to  the  presence  rtf 

IS-degree  water  there  (see  Figure  Ka).  Another  way  lo  view  this  is  that  the  more 
strongly  sloping  isopycnals  on  the  cyclonic  side  of  the  Stream  will  su|)port  gretiler 
b.iroclinic  energy  conversions  ih.m  the  weak  baroclinily  within  the  IS-degree  water 
on  the  aniicy  clonic  side.  Thus,  our  array  measurements  favor  the  b.iroiropic 

c  o  n  V  e  r  s  I  o  n  s  , 

One  impon.ini  .is|rect  in  the  assessment  r>f  the  Gulf  Stream's  energetics  and  dynamics 
lioni  current  meter  data  in  this  fa.shivm  is  the  error  iit  estimating  each  of  the  terms  in 
the  pertinent  b.ilaiices.  The  three  sources  of  error  arc  (i)  measurement  error  due  to 
the  accur.icy  ;ind  positioning  of  the  insiruments,  (ii)  finite  differencing  error  that 
arises  when  esiimtiting  gr.uiients  from  Fuleritm  time  series,  ;ind  (lii)  llie  statistical 
error  of  estim.iie  of  ,iiiy  c|tiantily.  The  energetics  tinalysis  from  this  arr.iy  has  pvtinted 


stream 


/  »oss<aLt  J  > 

»«^C«4CT\0*I  •  COAcCSCfcHCl / 


^77>;C0ld  core 

-O^  \  RING  / 


wid-oepth  eooy^v>.,__^ 
MiO-OEPTH  warm  EDO?’ 


DEEP  SOUTmwESTwaRD 
FLOW  •  '  30-DAY  •  WAVES 


Figure  11.  A  cartoon  summarizing  the  variety  of  motions  observed  by  the  1984  Gulf 
Stream  array.  The  Gulf  Stream  jet  occupied  the  upper  1000  m,  and  a  deep  western 
boundary  undercurrent  How  was  seen  over  the  4000  m  isobath.  The  dominant 
mcsoscalc  eddy  types  were  cold-core  Gulf  Stream  rings,  two  of  which  coalesced  with 
the  Stream  in  the  array  area,  and  one  anticyclonically  rotating  mid-depth  warm  eddy 
which  moved  through  the  array  twice.  Numerous  submesoscalc  coherent  vortices 
(mid-depth  eddy  near  B2  in  this  cartoon)  passed  through  the  array.  Both  cyclonically 
and  anticyclonically  swirling  submesoscalc  vortices  were  seen.  Deep  topographic 
Rossby  wave  motions  occupied  the  lower  waters,  from  about  the  base  of  the 
permanent  thermocline  to  the  bottom.  Waves  with  periods  ranging  from  4-days  to  at 
least  60-days  were  detected,  with  the  30-day  waves  having  generally  the  greatest 
energy  density.  This  summary  illustiates  the  complexity  and  diversity  of  the  motions 
m  the  region  of  this  array. 
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Resulis  I'roni  this  project  are  still  under  analxsis  al  the  wriiinjr  ol'  this  rejrori. 
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